. In spite of technical advance in experimental dematology, the exact mechanism of the acne process remains elusive. Pilosebaceous units can be numerous on the face, upper back and chest. The sebaceous glands make an oily substance called sebum that normally empties onto the skin surace through the opening of the follicle, which commonly is called a pore. The hair, sebum and keratinocytes that fill the narrow follicle may produce a plug, an early sign of acne. The follicular plugging (comedones) prevents sebum from reaching the skin surface through a pore. The mixture of oil and cells provide a favorable environment for bacteria Propionibacterium acnes (P acnes) that normally live on the skin to grow in the plugged follicles. These bacteria produce low molecular weight chemotactic factors and enzymes that lead to the accumulation of neutrophils at the site of acne comedones [4] . Because of phagocytosis, these accumulated neutrophils generate Reactive Oxygen Species (ROS). ROS refers to a diverse group of reactive, short-lived, oxygen containing species, such as Superoxide radical (O 2 
, nitric oxide (
• NO) and peroxynitrite (ONOO
•-
). The last two sometimes are also referred to as Reactive Nitrogen Species (RNS). These species (ROS and RNS) cause inflammation and tissue injury. Oxidative stress is a signal transducer leading to inflammation. These accumulated neutrophils also release inflammatory factors, such as lysosomal enzymes, which cause inflammation and inflammatory damage to follicular epithelium [5] . Inflammation is a characteristic of tissues to disease or injury and is marked by swelling, redness, heat and pain. When accumulation of tissue injuries breaks down the wall of the plugged follicle, it spills the content to the nearby skin, leading to lesions or pimples. Although the acne pathology involves many factors, a number of studies indicate that oxidative stress caused by imbalance between ROS and antioxidants in favor of ROS is one of the major factors [6] [7] [8] [9] [10] [11] [12] . This review summarizes recent development in the role of oxidative stress in the mechanism of acne initiation and its progression.
Oxidative Stress and Skin Tissue Injuries
Oxidative stress is an imbalance between oxidants (free radicals) and antioxidants in favor of free radicals. Cellular injuries or diseases are caused by the imbalance between production and removal of ROS in the skin. Many cellular processes, including cell metabolism, signaling pathways, inflammation, cell proliferation, and aging, are affected by oxidative stress [13] . Increasing free radicals changes the structure and functions of the proteins, lipids and nucleic acids, and can lead to tissue damages. Products derived from this injury are used as biomarkers of oxidative stress in the assessment and diagnosis of all diseases. ROS in the skin originates from normal cellular metabolism, e.g., mitochondrial respiration and enzymatic activity [13] . Besides, exogenous ROS is generated by various environmental factors, such as UV light or persistent presence of leukocytes, facilitating chronic inflammatory skin conditions. To regulate ROS levels, the skin is rich in enzymatic and non-enzymatic antioxidant defense systems, there by maintaining physiological homeostasis [14, 15] .
Oxidative Stress in Acne Vulgaris
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Acne vulgaris is one of the most prevalent inflammatory skin conditions found in late childhood and adolescence. Despite various studies, the etiology or pathogenesis of acne is still not well understood and a single, primary cause has not been identified. In the past several decades, various studies have indicated that patients with acne are under increased cutaneous and systemic oxidative stress as indicated by observation of oxidative stress biomarkers. The burden of oxidative stress may not be a mere consequence of acne. Instead, the oxidative stress, lipid peroxidation in particular, may be an early event that helps drive the acne process. Administration of local and systemic antioxidants appears to be effectively against acne. Oxidative stress-initiated inflammation and its maintenance within the pilosebaceous unit are important initial steps for the subsequent pathogenic processes of acne development. The favorable environment created by the oxidation of sebum for Propionibacterium acnes (P acne) to grow is also an important contributing factor for these steps. This mechanism suggests the oxidative stress as a therapeutic target in the treatment of acne vulgaris.
OH may convert to each other. The O2
•-can be converted to H2O2 through dismutation reaction. H2O2 can be converted to most reactive
• OH radical through metal-mediated 
Antioxidants
Although the skin possesses an elaborate antioxidant defense system to deal with oxidative stress, excessive and chronic generation of oxidants can overwhelm the cutaneous antioxidant and immune response capacity, leading to oxidative damage resulting in skin injury. A biological antioxidant has been defined as any substance that when present at low concentrations compared to those of an oxidizable substrate significantly delays or prevents oxidation of that substrate [13] . Antioxidants are the body's defense mechanisms against oxidants to maintain balance between oxidants and antioxidants. The most important antioxidant enzymes are Catalase (CAT), Glutathione Peroxidase (GPx) and Superoxide Dismutase (SOD). The most important non-enzymatic antioxidants are vitamin E, vitamin C (ascorbic acid), vitamin A, flavonoids, albumin, glutathione, thioredoxins, uric acid, metabolites of polyphenols and metal ions chelators such as ferritin and deferoxamine. The main forms of superoxide dismutase in the body include Zn/Cu-SOD and Mn-SOD in the cytoplasm, mitochondria and lysosomes, which catalyze the dismutation of superoxide anion into hydrogen peroxide. Catalase in the peroxisome is the most abundant antioxidant enzyme that causes hydrogen peroxide to degrade into water and oxygen. Glutathione (GSH) is another important antioxidant. GSH together with Glutathione Peroxidase (GPx) comprises a system that maintains the intracellular reducing environment and acts as primary defense against excessive generation of ROS. The oxygen radical scavenging property of GSH directly facilitates ROS neutralization and repairs of ROS-induced damage.
Biomarkers of Oxidative Stress
The best and most common method to measure free radicals and oxidative stress is to determine the products of the reaction of free radicals with biomolecules as a biomarker. Direct measurement of free radicals and oxidative stress can be achieved by using fluorescent probes to directly capture radicals; however, in an indirect way presence of oxidative stress is measured through the detection of oxidative lesions, as observed on lipids or proteins. The biomarkers of oxidative stress are very important clinically, and the evaluation of body tissue and fluids is used to diagnose pathological conditions, diseases, and cancer types. The Polyunsaturated Fatty Acids (PUFA) in cell membranes are the primary targets of ROS, which are oxidized during the process of Lipid Peroxidation (LPO). The products of LPO, including metabolites such as Malondialdehyde (MDA) and 4-hydroxynoneal (4-HNF), are common indicators of oxidative stress-induced lipid peroxidation or lipid injury. Glutathione is an antioxidant and reducing compound in the body which exists in two forms: resuscitation (GSH) and oxidized (GSSG). In healthy individuals, the highest level of GSH is related to its reduced form (GSH). An increase of GSSG in cells and tissue, therefore, can be a marker of oxidative stress. Studies indicate that GSH decreases in the blood of breast cancer patients, thus acting as a biomarker of oxidative stress. The decreased levels of CAT, GPx and SOD are also indicators of biological system being under oxidative stress.
Oxidative Protein Modification
The oxidative modification of proteins, lipids and nucleic acids has been implicated in the mechanism of various diseases. Oxidized serum proteins can serve as important in vivo biomarkers of oxidative stress. The in vitro oxidation of amino acid residues results in protein degradation, aggregation and crossing linking. Typically, oxidation of a protein increases the carbonyl contents. This increase is due to the oxidation of Lys, arg, pro or other amino acid residues. Thus, protein carbonyl groups are the biomarkers of oxidative stress [16] . In human plasma, all amino acids in the proteins are susceptible to oxidative modification by oxidants, such as • OH radical. Total serum protein carbonyl contents are significantly increased in moderate to severe acne patients as compared to the total serum protein present in normal human subjects, whereas mild acne patients show negligible increase in the carbonyl contents as compared with healthy individuals [12] . These results show that serum proteins in acne patients are modified by oxidative stress, and this oxidative protein modification may play an important role in acne progression.
Lipid Peroxidation
Oxidative stress causes damages to all cellular components through attacks on lipids, proteins and DNAs. Among these injuries, lipid damage through oxidative stress-induced lipid peroxidation is particularly relevant to acne [8] . The lipid damage hypothesis in the pathogenesis of acne was proposed half a century ago [17] . In this hypothesis oxidative breakdown of lipid in the skin is not just a consequence of acne process. Lipid peroxides, products of lipid peroxidation, may function as a cause of acne or as an acnegenic agents or both. Based on this hypothesis, antioxidants which decrease oxidative stress and lipid peroxidation would be preventive and therapeutic agents against acne. Topical application of α-tocoperol, a lipid soluble antioxidant, reduces the severity of acne [8] . Supporting data for this lipid peroxidation hypothesis comes from a study showing that lipid peroxidation occurs in acne and site specific free radical damage and products of lipid peroxidation might be involved in the initiation of inflammation [18] . Components of sebum, particularly squalene, exhibit enhanced comedogenicity when oxidized [19] . Squalene, which is specific to human sebum, protects skin surface from lipid peroxidation. Squalene is highly sensitive to oxidation. Both squalene and its oxidized products are at much higher levels in acne patients than in healthy individuals [20] [21] [22] [23] . Benefit of the synergistic value of oral vitamins A and E to decrease lipid peroxidation in acne is observed [24] . Based on this observation, it has been suggested that inflammation in acne is a secondary event following lipid peroxidation [24] . It has also been suggested that administration of antioxidants might be a logical and effective means of controlling the inflammation by preventing oxidation of lipids and the subsequent release of lipid peroxidation products into the tissue [24] . This lipid peroxidation hypothesis of acne pathogenesis is supported by several reports of low blood levels of Glutathione Peroxidase (GPx) and its required co-factor selenium to increase lipid peroxidation level among acne patients [25] [26] [27] . Various studies indicate that a significant elevation of plasma lipid peroxide levels in acne patients as compared to levels in healthy control populations [6, 8, 10, 28] . A recent study qualifies lipid peroxides and inflammatory markers in comedone samples, the results providing further support that lipid peroxidation might be responsible for the progression of acne [29] . Examination of comedo samples indicates that lipid peroxidation is evident in the earliest microcomedo and increases four-fold as inflamed lesions appear [29] .
Oxidative Stress
Oxidative stress biomarkers in the blood are frequently used to study oxidative stress levels in the skin of acne patients. The activities of plasma major antioxidant enzymes, SOD and CAT as well as the level of Total Antioxidant Capacity (TAC) were significantly decreased in acne patients in comparison to those in healthy individuals [6, 10, 12] . It is well established that lipid peroxidation level increases in patients with inflammatory disease [29] [30] [31] . MDA, a biomarker of lipid peroxidation is increased in inflammatory cells. Various previous studies shows the high plasma levels of MDA in acne patients [6, 8, 10, 28] . Similar to this finding, other studies have shown that serum levels of SOD and CAT in patients with acne were significantly lower than those of healthy individuals (10, 12, 32) . Comparison of SOD levels in patients shows that patients with severe acne have the lowest levels in comparison with patients with mild and moderate acne [6, 12] . SOD levels are the highest in patients with mild acne [12] . For MDA levels, patients with severe acne shows the highest plasma MDA levels compared with those with mild and moderate acne, suggesting an increase in ROS production overwhelming the antioxidant capacity. The lowest MDA levels were observed in patients with mild acne [12] . GSH levels were lower in samples removed from acne-prone facial areas than uninvolved areas sampled from the medial side of the upper arm of acne patients [33] .
Among ROS family members, the level of hydrogen peroxide is used as a marker of oxidative stress. This species are generated by neutrophils via phagocytosis [31] . Similar to other members of ROS, O 2
•-and
• OH, hydrogen peroxide is able to promote inflammation, enhance lipid peroxidation, and cause skin tissue injury [31] . The level of hydrogen peroxide was measured in the blood samples obtained from patients with inflammatory acne and healthy individuals [2] . Patients with inflammatory acne have a 43% higher level of hydrogen peroxide than normal population. In addition to ROS, reactive nitrogen species are also able to cause oxidative stress and cause skin injury. Nitric oxide (NO) is a free radical and is at the center of these nitrogen species. NO is involved in the macrophage-dependent killing of intracellular parasites, indicating the potential of this free radical to mediate cytotoxic and pathological effects. The NO level in the tissue is very well regulated. If generated in access, NO can have various toxic effects, depending on its concentration and the microenvironment in which it is generated [34] . There is increasing evidence showing that NO may be involved in the acne pathogenesis [11, 12] . It has been hypothesized that increased serum level of NO represents another important potential mechanism in the acne pathogenesis [12] . It has been shown that NO level was significantly increased with the increase of acne activity in patient groups with mild, moderate or severe acne [12] . The increased levels of NO observed in the acne patients in the recent study provide evidence of the involvement of nitrosative stress in the progression of acne.
Oxidative Stress, Inflammation and Acne
Extensive research during last two decades has revealed the mechanism by which continued oxidative stress can lead to chronic inflammation, which in turn could mediate most chronic diseases including cancer, diabetes, cardiovascular, neurological and pulmonary diseases [35] . Oxidative stress can activate a variety of transcription factors including NF-κB, AP-1, p53, HIF-1α , PPAR-γ, β-catenin/Wnt and Nrf2. Activation of these transcription factors can lead to the expression of over 500 different genes, including those for growth factors, inflammatory cytokines, chemokines, cell cycle regulatory molecules and anti-inflammatory molecules [35] . It has been reported that the release of inflammatory factors is one of the earliest events to occur in the acne process [23] . In addition, oxidative stress within the pilosebaceous unit alters the environment from one that is unsuitable to harbor anaerobic bacteria to one that is perfectly suited for the colonization of such species [8, 23] . Oxidation of sebum alters oxygen concentration in the follicle, which results in a favorable environment for P acnes to survive. Although further studies are needed, oxidative stress and inflammation set the stage for all subsequent pathogenic factors leading to acne [8] .
Heavy Metal and Oxidative Stress
High concentration of heavy metal contamination in the air is an increasing public health concern in many regions of the world. There is a multitude of anthropogenic emissions in the environment. Generally heavy metals enter into the air due to mining, smelting, fossil fuel combustion (motor vehicles and power plant), municipal waste incineration, cement production and phosphate mining. These metals are in the air as metal-enriched fine Particle Matters (PM). These fine metal containing particles, usually less than 2.5 micrometers in diameter (PM 2.5) can pose a great health risk for acne patients. Because their small size of approximately 1/30 th the average width of a human hair, these particle can lodge into the skin. Once these metal ions reach the location of acne sites, such as follicle, these metals will catalyze the reactions of ROS and to convert less reactive species to most reactive ones through the following reactions (reaction [1] [2] [3] ) [36] .
H2O2 +O2
•-
In the reactions described above, M n+ represents transition metal ions in a reduced oxidation state and M (n+1)+ in an oxidized state. These transition metals are Fe, Cu, Cr, V, Co and Ni. These metal catalyzed reactions have two major consequences: (a) Less reactive or toxic O 2
•-radical can be converted to more reactive and toxic species, H2O2 and • OH. These species are strong initiator and promotor of lipid peroxidation; (b) Accumulated neutrophils at the site of acne comedones cause phagocytosis, resulting in a large amount of O 2
•-generated by one electron reduction of molecular oxygen. O2
•-can change oxidized metal (M and oxidized metal. In the overall reactions, metal functions as a catalyst. Thus a trace amount of metal ions can generate a large amount of very reactive H 2O2 and
• OH. Metal-induced oxidative stress and inflammation are well studied [37] . It appears that metal-contaminated atmosphere enhances oxidative stress, leading to increased lipid peroxidation and increased severity of acne.
Th1 and Th17
In chronic inflammatory diseases, such as acne the prolonged and persistent production of ROS, which overwhelms cellular antioxidant systems leading to oxidative stress, may influence T-cell function [38] . This contributes to a T-cell phenotype which is hypo-responsive to growth and death signals and persists at the site of inflammation, perpetuating the immune response [38] . Thus, the regulation of T-cell function by oxidative stress therefore has an important implication in acne treatment. Using the samples collected from lesional and non-lesional skin of acne patients a recent study has shown the presence of IL-17A+ cells, which are mainly lymphocytes, in clinically early visible inflamed acne lesions, and also the activation of cytokines, chemokines and antimicrobial peptides known to be typical for the Th17/IL-17 pathway [39] . Th1, Th17 and CD8+ activation and IL-17 related AMP and CXCL chemokine production with neutrophil attraction in acne lesions can be important factors among others in acne pathogenesis [40] . In addition to IL-17A, both Th1 and Th17 effector cytokines, transcription factors and chemokine receptors are upregulated in acne lesions [41] . Il-17A and IL17F are key cytokines for the recruitment and activation of neutrophils and can target keratinocytes, endothelial cells, monocytes and fibroblasts to produce pro-inflammatory mediators such as IL-6, TNF-α and NO [42] . IL-17-related antimicrobial peptide and CXCL chemokine production with neutrophil attraction in acne lesions are thus important factors trigging the inflammation infiltrate [40] . A recent study has shown that airborne PM formed in combustion and thermal processes causes Th17-specific immune responses through persistent free radicals on these particles [43] . Although further studies are needed to link the Th1 and Th17 with oxidative stress, the relationship between oxidative stress and immune response is very established [44] .
Causative Role of Oxidative Stress
It is very well reported that there is an oxidative stress burden in acne patients as shown in various oxidative stress indicators [6] [7] [8] [9] [10] [11] [12] . The major question remains to be answered is whether oxidative stress is a causative contributor or a mere consequence of acne. Increasing evidences show that oxidative stress is both a causative factor [8, 18, 24, 29] and that ROS production by neutrophils is involved in the damage of follicular wall to cause lipid peroxidation. The specific lipid that appears to be overproduced in acne is squalene. Higher levels of squalene peroxides, products of squalene peroxidation and reduced vitamin E are noted in the sebum of acne patients [45] . Squalene peroxides reduce the important skin antioxidant GSH [46] , have comedogenic properties, and initiate an inflammation cascade [7] . This cascade begins with exposure of peroxidated squalene to keratinocyte cells, stimulating inflammatory cytokine production and upregulation of lipoxygenase [47] . The synthesis of inflammatory chemoattractant leukotriene B4 increases as lipoxygenase increases, resulting in recruiting neutrophils to generate more ROS. Inhibition of this process will improve acne [48] . The oxidation of sebum alters oxygen tension in the follicle, creating the ideal microaerophilic environment for P acne to grow. P acne does appear to promote inflammation in acne through the production of ROS, mostly O 2
•-radicals [49] , which can be easily converted to H2O2 through dismutation reaction and produce
• OH radical if transition metal is present (Equations [1-3] ). Various anti-acne drugs and nutrients such as vitamins E and C, retinol, isotretinoin and zinc sulfate inhibit P acnes-stimulated production of ROS [49] . The effectiveness of these treatments against acne shows that oxidative stress plays an important pathogenesis of acne and in development of therapeutic strategy. It thus appears that oxidative stress-initiated inflammation is the initial step of the subsequent pathogenic processes of acne development.
Antioxidants-based Therapeutic Approach
Although exact mechanism of oxidative stress in the pathogenesis of acne remains elusive, many researchers believe that it plays a causative role and that clinical intervention with oral or topical agents against oxidative stress are beneficial in acne treatment. At present, there is no large-scale of clinical trial on the therapeutic value of antioxidants against acne. There are various studies in this aspect involved acne patients [8, 50] . To achieve the goal of reducing ROS in acne, four approaches can be used: direction scavenging of ROS, enhancement of antioxidant proteins or enzymes, up regulation of antioxidant regulatory proteins and inhibition of ROS generation.
Direct Scavenging of ROS
Vitamins A and C are typical small molecules, which reduce ROS through a direct reaction. Earlier studies have shown that vitamins A and C are beneficial [17] . A recent study used a topical application of green tea against acne [51] . Green tea is a well-studied mixture of natural antioxidants and is widely used one to scavenge ROS. The study shows that applying green tea lotion twice a day reduced total lesion count by 58% after 6 weeks. A similar study [52] shows that it was more effective than zinc sulfate topical in reduction of acne lesions after weeks. It may be noted that the mechanism of therapeutic action of green tea may not be attributed to its antioxidant function only. Anti-inflammatory ability, anti-microbial activity against P acnes and a potential to reduce sebum production through inhibition of 5-α-reductase may also be important contributing factors.
Enhancement of Antioxidant Proteins or Enzymes
Zinc (Zn) and Selenium (Se) enhance the activity of certain key antioxidant enzymes, such as SOD and GPx. Only a few studies show the therapeutic value of oral zinc against acne. One of the studies shows that zinc gluconate reduce total inflammatory lesion count by 57% after two months of treatment [53] . In another study, an oral combination of nicotinamide which support antioxidant pathway, zinc, copper and folic acid taken daily for eight weeks appears to be effective against acne [54] . Lactoferrin, a whey milk protein after removing precipitated casein, has been shown to have an antioxidant effect and have a prominent activity against inflammation in vitro and systemic effects on various inflammatory diseases. The dietary effects of lactoferrin-enriched fermented milk on patients with acne vulgaris, an inflammatory skin condition have been investigated [55] . Patients 18 to 30 years old were randomly assigned to ingest fermented milk with 200 mg of lactoferrin daily (n = 18, lactoferrin group) or fermented milk only (n = 18, placebo group) in a 12-wk, double-blind, placebo-controlled study. Acne lesion counts and grade were assessed at monthly visits. The condition of the skin by hydration, sebum and pH, and skin surface lipids was assessed at baseline and 12 wk. The results show that acne showed improvement in the lactoferrin group by significant decreases in inflammatory lesion count by 38.6%, total lesion count by 23.1% and acne grade by 20.3% compared with the placebo group at 12 wk. Furthermore, sebum content in the lactoferrin group was decreased by 31.1% compared with the placebo group. The amount of total skin surface lipids decreased in both groups. The decreased amount of triacylglycerols in the lactoferrin group was significantly correlated with decreases in serum content, acne lesion counts and acne grade. This study concluded that lactoferrin-enriched fermented milk ameliorates acne vulgaris with a selective decrease of triacylglycerols in skin surface lipids.
Upregulation of Antioxidant Regulatory Proteins
The Nuclear factor erythroid 2-related factor 2 (Nrf2) pathway plays an imperative role in cellular redox homeostasis and activating this pathway is one of the main defense mechanisms against oxidative or electrophilic stress [56, 57] . Nrf2 regulates its target antioxidant proteins through binding of Nrf2 to their Antioxidant Response Element (ARE) in their regulatory regions. These Nrf2 regulatory enzymes are expressed in various isoforms and are distributed in various organelles and subcellular compartments and cooperatively participate in metabolic reactions that eliminate reactive species at their sites of origin. Large-molecule antioxidant and detoxifying enzymes such as Superoxide Dismutase (SOD), glutathione peroxidase, catalase, Glutathione Reductase (GR), Glutamate Cysteine Ligase (GCL), NAD(P) H:Quinone Oxidoreductase1 (NQO1), Heme Oxygenase-1 (HO-1), Glutathione S-Transferase (GST), thioredoxins reductase, peroxiredoxin and sulfotransferase are regulated by Nrf2 and are of prime importance in protecting against oxidative stress at the cellular level. Various natural compounds are inducers of Nrf2, including oxidizable phenols and quinones, isothiocynates and dithiolethiones [58] . Although activation of Nrf2 by natural compounds can be an excellent approach in reducing the oxidative stress in acne patients, at present this approach has not been investigated in vitro or in vivo.
Inhibition of ROS Generation
As mentioned above, metal ions are important in generation of H2O2 from O2
• OH from O2
. Proper chelation of metal ion using chelating agent can block metal ion from catalyzing these reaction. Among various metal chelators, deferoxamine is the most potent to block metal-mediated reactions. This approach is very important in the situation where the air is heavily contaminated by metal ions.
Dietary Approach
Previous studies have shown that there is a causative role for dietary components in development of acne [40, 59] . It has been reported that regional diets with low levels of processed foods and sugar are associated with lower level of acne risk [60] . Clinical studies using low glycemic load meals show beneficial effects [59] . One of the common features for these acne beneficial foods is that they contain a higher amount of plant-derived components or antioxidants. These foods include whole grain, vegetable and fruits.
Conclusions
The etiology and pathogenesis of acne are not completely understood, and a single, primary cause has not been identified. In the past several decades, various studies have indicated that patients with acne are under increased cutaneous and systemic oxidative stress as indicated by observations of various oxidative stress biomarkers. The burden of oxidative stress may not be simply a consequence of acne. Instead, the oxidative stress, lipid peroxidation in particular, may drive the acne process. Administration of local and systemic antioxidants appears to be effectively against acne. Several studies indicate that oxidative stress-initiated inflammation and its maintenance within the pilosebaceous unit and favorable environment created by the oxidation of sebum for P acne are important initial steps for the subsequent pathogenic processes of acne development. This mechanism suggests the role of oxidative stress as a therapeutic target in the treatment of acne vulgaris.
